Significant concerns have been raised over the presence of antibiotics including sulfadimethoxine (SDMO) in aquatic environments. This study investigated the removal capability and mechanism involved in the removal of SDMO by hydrous ferric oxides (HFO). Results showed that SDMO removal was highly pH and ionic strength dependent. The pseudo-first-order model fitted well the kinetic results, and the value of the calculated activation energy for SDMO adsorption onto HFO was 8.6 kJ mol À1 . Adsorption isotherms at varied temperatures were well described by the Langmuir model.
INTRODUCTION
Sulfadimethoxine (SDMO), as a major class of sulfonamide antibiotics (SAs), has been frequently used as a cheap and effective anti-bacterial and anti-coccidial infection agent to prevent and/or treat the poultry diseases in China and around the world (Chen et al. ) . Unfortunately, the groundwater, surface water and the soils are facing high risk of exposure to SDMO and its derivatives (García-Galán et al. ). For example, two veterinary antimicrobials, sulfamethazine (at concentrations from 0.076 to 0.22 μg·L À1 ) and SDMO (at concentrations from 0.046 to 0.068 μg·L À1 ) were detected in six private water wells in Idaho, USA (Batt et al. ) . To prevent the potential threat of SAs to the environment and individuals, different processes, such as adsorption (Xie et al. ) , have been established to remove residual SAs from the water system. Among these technologies, the adsorption method, especially activated carbon, is adopted commonly in water treatment processes. But activated carbon has been proved to be less effective in the removal of most SAs from water because of their anionic characteristics (Shi et al. ) . So, many natural or synthetic materials are being developed aiming to remove the residual of SAs and their derivatives effectively and efficiently from the water system. SDMO showed a low sorption potential on the sandy, sandy-clay and clay soils at natural pH, while an increase in adsorption was verified in soil with a higher organic matter content (Doretto et al. ) . The maximum adsorption capacity of SDMO on carbon nanotubes was reached at pH 4.0 and the adsorption mechanism was significantly determined by the ability of surface oxygen contents and SDMO species (Yu et al. ) . Ferric oxides have been used to remove antibiotics from aqueous system, such as for sulfamethazine (Qiang et al. ) . Additionally, porphyrin-functionalized Fe 3 O 4 /graphene oxide exhibited greater adsorption capacity than that of the un-functionalized ones. The π-π stacking and electrostatic attraction between the positively charged SDMO and the negatively charged porphyrinfunctionalized Fe 3 O 4 /graphene oxide enhanced the adsorption of SDMO (Shi & Ye ) .
Although the migration, transformation, degradation and elimination of sulfonamides in the water system and soil environment have been widely investigated, the adsorption behavior and mechanism still need to be further investigated. Meanwhile, hydrous ferric oxides (HFO), as a kind of naturally available, cost-effective and promising sorbent, play important roles in the process of soil and water self-purification due to its surface interaction with cations and anions (Mohammed et al. ) . Therefore, the objectives of this paper are to investigate the adsorption behavior of SDMO, as a model SA, on HFO in aqueous solutions and to further explore the potential uptake mechanism.
MATERIALS AND METHODS
Chemicals SDMO (C 12 H 14 N 4 O 4 S, 98%) was purchased from Aladdin Industrial Corporation (Shanghai, China). All other chemicals, such as ferric chloride hexahydrate (FeCl 3 ·6H 2 O), sodium hydroxide (NaOH), hydrogen chloride (HCl) and sodium nitrate (NaNO 3 ), were analytical grade and purchased from Beijing Chemical Co. (Beijing, China).
Synthesis of HFO
The synthesis of HFO was as follows: FeCl 3 ·6H 2 O (0.015 mol) was dissolved in deionized water under vigorous magnetic stirring, then NaOH (0.045 mol) solution was slowly added into the FeCl 3 ·6H 2 O solution, keeping the solution pH in the range of 7 to 8. After addition, the formed suspension was continuously stirred for 1 h, aged at room temperature for 12 h and then washed repeatedly with deionized water. The suspension was filtered and dried at 105 W C for 24 h. The dry material was crushed and stored in a desiccator for future use.
Characterizations
The virgin and the adsorbents reacted with 10 mg·L À1 SDMO were analyzed by Fourier transform infrared (FTIR) spectroscopy (Vertex 70, Bruker Optics, France). Each sample was mixed with pure potassium bromide which acted as background at an approximate mass ratio of 1:100 (sample:KBr) and then ground in an agate mortar. The resulting mixture was pressed at 13 tons for 2 min to form a pellet which was characterized using the FTIR spectrophotometer using a transmission model. The X-ray photoelectron spectroscopy (XPS) measurements were carried out with an imaging photoelectron spectrometer (Kratos AXIS Ultra, UK), using an aluminum anode X-ray source with a monochromator (Al Kα, hν ¼ 1,486.71 eV) or a dual anode (Al/Mg target). The widescan spectra were conducted from 0 to 1,100 eV with pass energy of 160 eV. The high-resolution scans were conducted according to the peak being examined with pass energy of 40 eV. The XPS results were collected in binding energy forms and fitted using the software of Vision (PR2.1.3) and Casa XPS (2.3.12Dev7).
Adsorption experiments pH and ionic strength studies
To evaluate the influence of pH and ionic strength on SDMO adsorption, experiments were carried out by adding respectively 10 mg of HFO sample into 100 mL of SDMO solutions with initial SDMO concentration of 200 μg·L À1 . The pH conditions (4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0) were selected and the pH was adjusted with 0.1 mol·L À1 HCl or NaOH solution during the shaking process to designated values. Ionic strength ranging from 0 to 1.0 mol·L À1 was prepared with NaNO 3 .
Adsorption kinetics
The kinetic experiments were carried out at 288, 298 and 308 K, respectively. The initial SDMO concentration was 200 μg·L À1 and the dosage of adsorbents was 100 mg·L À1 . The solution pH was adjusted to 8.0 (±0.2) for HFO, and 1.5 mL of solutions was extracted from the suspension at various time intervals (0 min to 24 h).
Adsorption isotherms
Adsorption isotherms were determined by batch tests. One hundred millilitres of SDMO solutions was added into 150 mL conical flasks with initial SDMO concentrations varying from 50 μg·L À1 to 2,000 μg·L À1 . Ten milligrams of HFO was added into the bottles and the solution pH was maintained at 8.0 (±0.02). The bottles were shaken at 160 rpm for 24 h at 288, 298 and 308 K, respectively. After reaction, all samples were filtered by a 0.22 μm filter and the SDMO concentrations of the filtrates were analyzed by high-performance liquid chromatography. The pseudo-first-order kinetic model and pseudo-second-order equation and Elovich equation were used to evaluate the kinetics of the adsorption process. The adsorption isotherm results were fitted by using Langmuir and Freundlich isotherm models.
RESULTS AND DISCUSSION
pH and ionic strength studies SDMO has two ionization constants (pK a,1 ¼ 1.3, pK a,2 ¼ 6.21) (Yu et al. ) ; therefore, the fraction of non-ionized and ionized forms of SDMO as a function of pH and the surface charge of HFO (pH PZC ¼ 8.3) will affect the sorption of SDMO. As shown in Figure 1 , the uptake of SDMO on HFO increased firstly (4.0 < pH < 8.0) and then decreased (8.0 < pH < 10.0) at the experimental pH range, which could be ascribed to the electrostatic attraction and electrostatic repulsion between the positively and negatively charged surface of HFO and the increasing portion of SDMO À (Zhang et al. ) . Meanwhile, the portions of SDMO À at pH 7.0, 8.0 and 9.0 were calculated to be 86%, 98% and 99.8%, respectively (Lertpaitoonpan et al. ) , which was due to the high ionic strength dependence at the pH range, and the adsorption mechanism of SDMO could be ascribed to ion exchange.
Adsorption kinetics
The effect of contact time on SDMO uptake by HMO is shown in Figure 2 . The equilibrium was achieved in a short time and the uptake of SDMO was remarkably enhanced by increase of temperature. The model constants (K 1 and K 2 : rate constants of pseudo-first-order and pseudo-second-order equations, respectively; α: initial SDMO adsorption rate of Elovich equation) and coefficients of determination (R 2 ) for the data are shown in Table 1 . The pseudo-first-order model fitted the data best, which indicated the dominating physisorption mechanism (Faria et al. ) . Arrhenius equation parameters were fitted by the rate constants simulated in kinetics to determine temperature-independent rate parameters and adsorption type. The value of the calculated activation energy for SDMO adsorption onto HFO was 8.6 kJ·mol À1 , which gave further evidence for physisorption of SDMO (Unuabonah et al. ).
Adsorption isotherms
Adsorption isotherms of SDMO on HFO at different temperatures are presented in Figure 3 . The nonlinear Langmuir and Freundlich equations were used to depict the isotherms. The corresponding parameters (K L and K F : Langmuir and Freundlich equilibrium constants, respectively) in Table 2 showed that the experimental equilibrium adsorption data were well described by the Langmuir model. The maximum adsorption capacities of SDMO onto HFO were calculated to be 1,123, 1,298 and 
FTIR
The results of FTIR analysis are presented in Figure 4 . For SDMO (Figure 4(a) ), the obvious peaks at 3,446, 3,336 and 2,952 cm À1 were the characteristic stretching vibration bands of aniline groups (v -NH2 ), while the peak at 1,625 cm À1 was assigned to NH 2 deformation vibration. The peak at 3,230 cm À1 was ascribed to the N-H stretching vibration in the SO 2 -NH group (Mavrodinova et al. ) .
The vibration bands at 1,575 cm À1 originated from the skeletal stretching of the aromatic ring (v C¼C ). The bands at 1,444 and 1,351 cm À1 were ascribed to the characteristic stretching vibration of CH 3 deformation, and the peak at 1,260 cm À1
represented C-O stretching vibration in the COCH 3 group. The peak at 1,181 and 1,309 cm À1 were attributed to O¼S¼O symmetric and asymmetric stretching vibration. In addition, the adsorption peaks at 1,089 and 808 cm À1 came from the C-H deformation in the phenyl ring. Other peaks including 985, 877 and 535 cm À1 could be attributed to the C-N stretching, S-N stretching and O¼S¼O deformation, respectively (Rajendiran & Siva ) . For HFO (Figure 4(b) ), the peaks at 1,137, 894 and 796 cm À1 corresponded to the bending vibration and the stretching vibration of the surface hydroxyl groups (Fe-OH) ( Jiang et al. ) . After SDMO adsorption (Figure 4(c) ), the peaks at 808, 1,351, and 3,448 cm À1 corresponding to the C-H deformation in the phenyl ring, C-H deformation vibration in CH 3 and N-H stretching vibration in the aniline group (v -NH2 ) appeared, which demonstrated the uptake of SDMO. Meanwhile, the characteristic peaks of the surface hydroxyl groups of HFO and the N-H stretching vibration in the SO 2 -NH group almost disappeared. Furthermore, the characteristic stretching and deformation vibration of aniline groups (v -NH2 ) overlapped at 3,448 and 1,637 cm À1 , respectively. It indicated that the exchange of the surface hydroxyl groups of HFO and the anions of SDMO À accounted for the uptake of SDMO.
XPS
To further understand the SDMO adsorption mechanism, XPS was used to get the information on the electronic state and surface atom interaction. As shown in Figure 5 Meanwhile, the binding energy of M-OH shifted from 531.61 to 531.10 eV, with M-OH fraction decreased to 30.6%, which could be attributed to the replacement of surface hydroxyl groups of HFO by SDMO during the adsorption process (Deng et al. ) . And this was in accordance with the FTIR results. The high-resolution C 1 s spectra of SDMO, as shown in Figure 6 , could be deconvoluted into three individual component peaks: 284.81 eV (C-C and/or C-H), 286.23 eV (C-N and/or C-O bonds) (Dambies et al. ) , and 288.70 eV (C-S) that could be ascribed to the carbon bonded in imides and amides (Billon et al. ) . Comparing to SDMO, only the binding energy of C-S bonds corresponding to the SDMO loaded HFO was obviously redshifted 0.27 eV, which suggested that the C-S bonds or its related groups accounted for the uptake of SDMO.
The high-resolution spectra of S 2p 3/2 before and after adsorption are shown in Figure 7 . For SDMO, there were The photo peaks at 168.63 eV might be ascribed to the formation of inter-or inner-molecular hydrogen bonds between sulphonyl groups and imine groups (Akhtar et al. ) . After SDMO adsorption, only the peak at 168.80 eV was left, which demonstrated the breakup of hydrogen bonds and indicated the imine groups were involved in the uptake of SDMO.
The N1 s peak at 399.01 and 399.92 eV in Figure 8 was associated with the deprotonated organic nitrogen (-N À -) and the nonprotonated organic nitrogen species (-NH 2 -, -NH-), respectively (Billon et al. ; Nielsen et al. ) . After the uptake of SDMO by HFO, the peak concerning the deprotonated organic nitrogen species disappeared, and the peak at 399.93 eV corresponding to the nonprotonated organic nitrogen species (-NH 2 -, -NH-) had no obvious change, which indicated that the -N Àgroup was mainly involved in the uptake of SDMO by HFO. It further demonstrated that the electrostatic attraction between the positively charged surface of HFO and the anions of SDMO À accounted for the uptake of SDMO by HFO.
CONCLUSIONS
The SDMO removal process by HFO and the corresponding mechanism were investigated in this paper. SDMO removal was highly pH dependent and best results were achieved at pH 8.0. Ionic strength had obviously negative effect on adsorption at pH 7.0-9.0. The pseudo-first-order model fitted well the kinetic results, and the value of the calculated activation energy for SDMO adsorption onto HFO (8.6 kJ mol À1 ) indicated the physisorption mechanism. Adsorption isotherms at varied temperatures were well described by the Langmuir model, and the adsorption process was spontaneous and endothermic. The replacement of surface hydroxyl groups of HFO by SDMO during the adsorption process was verified and the electrostatic attraction between the positively charged surface of HFO and the anions of SDMO À mainly accounted for the physisorption of SDMO by HFO.
